Peyronie disease is a common cause of penile deformity and sexual dysfunction. Although surgery is regarded as the definitive management for this condition, there are many medical and minimally invasive therapies available, with widely varying efficacy reported in the literature. The purpose of this review is to describe the current state-of-the-art for each of the most commonly used as well as several developing non-surgical treatments. Further, we hope to offer perspectives that will aid practitioners in deciding among these treatments that are either already in use or have the potential to be used as alternatives to surgery in the management of this frustrating disease.
INTRODUCTION
Peyronie disease (PD) is characterized as a fibrous, inelastic lesion of the tunica albuginea. It is thought to result from trauma or microtrauma to the erect penis in genetically susceptible individuals, though the mechanism of disease has not been fully elucidated [1] . The lesion can be painful in some individuals, and can also result in erection deformities making intromission difficult or impossible (Fig. 1 ). Disease prevalence is often quoted at 3.2% to 8.9% in adult men, though it may be higher due to underreporting. Associated comorbidities include erectile dysfunction (ED), clinical depression, diabetes, hypertension, dyslipidemia, low testosterone, obesity, smoking, and Dupuytren contractures [1, 2] .
The natural history of PD has two phases. First is the active (or acute) phase, characterized by active inflammation and progressive deformity of the erect penis. Penile pain, when present, also occurs at this time. The acute phase generally lasts from 6 to 18 months, and after this phase, the vast majority of patients go on to have stabilization of the plaque or progression of their disease [2] . This stabilization process is characterized by fibrosis, dystrophic calcifications, and rarely, ossification, and occurs in the chronic (or latent) phase. After the acute phase has ended, only 10% to 15% of patients will have spontaneous resolution of PD, although many will experience resolution of their associated pain [2] . Finally, the presence of intralesional calcifications is significant, as these lesions are traditionally less amenable to non-surgical treatments; PD patients with these characteristics have often been excluded from participation in non-surgical clinical trials. The deformities caused by Peyronie disease are many and varied. All patients appearing in this figure were intracavernosally injected with alprostadil to induce erection prior to photography. The pictures illustrate a dorsal bend with skin buckling (A), a pure lateral bend (B), a more gradual dorsal curvature (C), a dorsal curve with rotational deformity (as evidenced by the laterally displaced frenulum) (D), a circumferential plaque creating a 'waist' effect (E), and a ventral curve caused by a ventral plaque (F).
flammation seen in the acute phase, and the subsequent disordered wound-healing characteristics of the chronic phase. Non-surgical treatment modalities to date have focused on disrupting one or both of these processes. Pluripotent stem cells within the tunica albuginea are an ongoing source of inquiry that may both help explain the disordered wound healing and shed light on novel approaches to help treat this complex disease.
We searched the literature for nonsurgical treatments of PD, including oral or topical therapy, intralesional injections (ILI), iontophoresis, extracorporeal shock wave therapy (ESWT), radiotherapy, penile traction therapy (PTT), and stem cell therapy. Aiming to build on the 2012 updates by Schaeffer and Burnett [3] , and Serefoglu and Hellstrom [4] , we placed emphasis on the most recent randomized controlled trials (RCTs) in order to provide the most accurate, scientifically based knowledge to guide clinical practice. See Table 1 [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] for a summary of recent studies, both RCTs and others, involving non-surgical treatments.
ORAL THERAPY Vitamin E (tocopherol)
Vitamin E was first used in the treatment of PD in 1949. Its proposed mechanism of action involves scavenging free radicals that are thought to contribute to the fibrosis seen in PD [2] . Vitamin E is both inexpensive and generally considered safe. Unfortunately, these are perhaps the drug's greatest assets; in RCTs, vitamin E treatment alone appears not to be superior to a placebo [18, 19] . Nonetheless, it has often been used in combination with other oral, intralesional, and iontophoresis treatments, and interestingly, it does seem to show some synergistic effect [7, 9] . Since it is often given concurrently with other supplements and antioxidants, however, it is difficult to draw any conclusions on vitamin E's specific role in this synergistic effect.
Potassium para-aminobenzoate
Potassium para-aminobenzoate is an anti-fibrotic agent with monoamine-oxidase activity that has a long history of use in the treatment of PD [20] . In a 2005 RCT, para-aminobenzoate showed a statistically significant decrease in plaque size versus a placebo over 12 months, and seemed to confer a protective effect against the worsening of penile curvature. However, there was no statistically significant improvement in erectile curvature from baseline [21] . Further RCTs are needed to evaluate the drug's possible protective properties, but the trials are unlikely to be performed due to para-aminobenzoate's unfavorable side-effect profile (gastrointestinal upset and photosensitivity), frequent dosing (four times per day), and high cost [2] .
Tamoxifen
Tamoxifen's proposed mechanism of action in PD involves modulating transforming growth factor beta (TGF-β) secretion from fibroblasts, thereby decreasing fibrogenesis within the tunica albuginea [20] . In RCTs, tamoxifen has failed to show any statistically significant benefit versus placebo [22] and was inferior to carnitine both in its efficacy and side-effect profile [23] .
Colchicine
Best known as a treatment for gout, colchicine's proposed mechanism of action in PD stems from its anti-inflammatory properties that both decrease collagen synthesis and increase collagenase activity [20] . However, in a RCT of 84 patients, colchicine showed no superiority to a placebo over the course of 4 months of treatment [24] . Subsequent trials in combination with vitamin E showed superiority to ibuprofen monotherapy, including statistically significant improvements in plaque size and penile curvature in patients with early-stage PD [25] . Further trials are needed to help define colchicine's role in the treatment of early disease and in combination therapy.
Acetyl esters of carnitine
Propionyl-L-carnitine (PLC) is short-chain acyl derivative of carnitine, an acetyl-coenzyme A inhibitor. Its role in the treatment of PD stems from its anti-oxidant properties, previously utilized for idiopathic infertility, and its antiproliferative effects on endothelial cells [19, 23] . PLC has shown mixed results in the treatment of PD. In a RCT with 96 patients in 2001, it showed statistically significant improvement in penile curvature versus tamoxifen [23] . In 2002, PLC demonstrated efficacy in treating advanced and resistant PD when used in combination with verapamil ILI, which was superior to tamoxifen plus verapamil ILI therapy [26] . In the most recent RCT in 2007, however, it showed no superiority to a placebo, either alone, or in combination with concurrent vitamin E therapy [19] . 
Pentoxifylline
Pentoxifylline (PTX) is a nonselective phosphodiesterase inhibitor with anti-inflammatory and anti-fibrogenic properties. With regard to PD, it acts to prevent TGF-β-mediated inflammation and plaque deposition of type 1 collagen [27] . In its first RCT in 2010, it was shown to improve the penile curvature, plaque area, and International Index of Erectile Function (IIEF) score versus a placebo [27] . A subsequent retrospective cohort study found significant improvement in penile calcifications over one year of treatment when compared to a placebo [15] .
Phosphodiesterase type 5 inhibitors
Phosphodiesterase type 5 (PDE5) inhibitors have long been used in the treatment of ED. In PD, these agents are proposed to inhibit tissue remodeling after acute injuries by decreasing oxidative stress responsible for inflammation and fibrosis [14] . A retrospective chart review in 2002 showed that sildenafil citrate was a safe and efficacious treatment modality for PD patients with comorbid ED [28] .
Another retrospective chart review of 65 PD patients showed a statistically significant improvement in the IIEF score in those PD patients taking a low dose of tadalafil daily for six months when compared to those patients who did not take tadalafil. Of note, these PD patients were unique in that they presented with no palpable penile plaque but an isolated septal scar demonstrated by Doppler ultrasonography [14] . Finally, in the first RCT of a PDE5 inhibitor for PD, tadalafil therapy in combination with ESWT was superior to ESWT alone in both IIEF and quality of life scores [12] .
Other oral therapies
Coenzyme Q10 is a fat-soluble, vitamin-like quinone that is a powerful, endogenously secreted antioxidant. Not only does it display anti-oxidant and anti-inflammatory properties itself, but it is also thought to regenerate other antioxidants within the body [29] . It is a relatively new therapy in the treatment of PD, but in its first RCT, it showed statistically significant improvement in the IIEF score, mean plaque area, and penile curvature when compared to a placebo over the course of 6 months [29] .
Omega-3 fatty acids (eicosapentaenoic acid and docosahexaenoic acid) inhibit the release of inflammatory cytokines, increase collagenase activity, and compete with arachadonic acid to suppress the production of inflammatory eocosinoids [30] . In the treatment of PD, these various anti-inflammatory effects were postulated to prevent or reverse disease progression in the acute phase, but in a RCT it failed to show any significant improvement or prevention of disease progression versus a placebo [30] .
INTRALESIONAL INJECTION THERAPY Corticosteroids
First used for the treatment of PD in the 1950s, initial results with ILI of steroids were promising [1] . Subsequent trials, however, failed to reproduce these positive findings, and unfavorable side effects (including local tissue atrophy and fibrosis) made any subsequent surgical interventions more difficult [4] . For these reasons, steroid injections are no longer recommended in the treatment of PD.
Verapamil
Reports on the efficacy of verapamil ILI are varying. In vitro, calcium channel blockers (CCBs) such as verapamil have been shown to increase collagenase activity and decrease fibroblast proliferation [20] . In 1994, Levine et al [31] published a small nonrandomized study of escalating verapamil ILIs that demonstrated the drug's safety and efficacy in reducing plaque volumes and penile curvature. A subsequent randomized, placebo-controlled trial showed a decrease in plaque volume and a trend towards improved curvature (not statistically significant) when compared to saline ILI alone [32] . An uncontrolled trial in 2007 showed statistically significant improvement in penile rigidity in 94 patients [33] , while a 2009 randomized, placebo-controlled trial with 80 patients showed no statistical significance with verapamil treatment in any of the primary outcomes (plaque size, degree of curvature, erectile function) [34] .
Since then, verapamil ILI has been used in a number of trials both alone [16] and in combination with other treatment modalities (dexamethasone administered via transdermal electromotive administration [8] , testosterone supplementation in low-testosterone patients with PD [17] , and PTX and L-arginine given orally with or without penile traction [13] . While the number of treatment variables in these trials make it difficult to pinpoint the efficacy of vera-pamil ILI alone, it is worth noting that the majority of patients in all of these trials had improvement or stabilization of their disease while receiving treatment (Table 1) . Finally, in its first RCT in 2010, nicardapine ILI also showed superiority to saline ILI in reducing pain and plaque size, and improving the IIEF score [35] . This suggests verapamil's role in treating PD is a class effect of CCBs independent of their being in the dihydropyridine (cardio-selective, such as verapamil) or non-dihydropyridine (vaso-selective, such as nicardapine) subset. Further trials are needed to compare the efficacy of different CCBs.
Interferon
Interferons are endogenously produced cytokines that are responsible for regulating the immune response to antigenic insults, and have been shown in vitro to decrease production of fibroblasts and collagen [20] . The first two randomized trials utilizing interferon-alpha (IFN-α) ILI had contradictory results. In a trial of 30 patients (Inal et al [36] , 2006) comparing intralesional IFN-α therapy alone, oral vitamin E therapy alone, or combined therapy, there was no statistical difference between groups in plaque size or degree of penile curvature. That same year, a trial with 117 patients (Hellstrom et al [37] , 2006) comparing IFN-α and saline ILI showed a statistically significant improvement in penile curvature, plaque size, and plaque density in the interferon group. Finally, a single-institution, retrospective review of 127 patients treated with interferon (Trost et al [6] , 2013) demonstrated a statistically significant improvement in penile curvature.
The discrepancy among these trials may be partially explained by the small sample size in the Inal trial, since the trend in the oral treatment arm was towards increasing penile curvature and plaque size, and the trend in the INF-α and combination arms were toward decreasing curvature and plaque size. The incongruent results in these trials may also be due to differences in drug dosing. The Inal trial utilized 5 million units of IFN-α ILI weekly, the Hellstrom trial utilized 5 million units every other week, and Trost's review evaluated patients receiving 2 million units every other week. Thus not only did the patients in Inal trial receive a greater cumulative dose of IFN-α, but also more frequent ILI. In a disease characterized by disordered healing, the increased tissue trauma caused by weekly injections may have offset the beneficial effects of IFN-α seen in the other trials. Further studies are needed to confirm or deny this hypothesis.
Collagenase
Collagenase is an enzyme that degrades interstitial collagen, making it a logical choice in the treatment of PD. First used in the treatment of PD in 1982, collagenase has not yet gained widespread acceptance. This is partially explained by the fact that collagenase is not currently approved by the U.S. FDA for the treatment of PD, though it is approved in the treatment of chronic dermal ulcers and severe burns. It has also been successfully used in the treatment of Dupuytren contractures, with which PD shares a similar pathophysiology [5] .
Interest in collagenase was revived in 2008 when Jordan [38] published a study demonstrating its safety and efficacy in reducing curvature in a small population of patients. In 2013, a large multicenter Phase IIb RCT showed statistically significant improvement in penile curvature and the symptom bother domain as compared to placebo ILI [5] . Serious adverse effects occurred in approximately 1% of patients in the collagenase group, the most serious being corporeal rupture requiring surgical repair. Less serious side effects such as swelling, ecchymosis, and pain in the injection site were more common and resolved with conservative treatment. A smaller-scale trial in 2012 demonstrated a similar result, and subset analysis in that trial showed penile plaque manual modeling to be synergistic with collagenase therapy [10] .
At the time of this review, the U.S. FDA has extended the Prescription Drug User Fee Act goal date for the approval of clostridial collagenase for the intralesional treatment of PD to December 6, 2013 (an extension of 3 months' time from the initial deadline). This decision is eagerly awaited by many patients and clinicians, as collagenase has shown effectiveness in a true RCT along with having been shown to be efficacious in the management of a similar disease process.
TOPICAL TREATMENT AND IONTOPHORESIS
Although a topical treatment approach to PD is appealing to patients for reasons of comfort and accessibility, in practice the results are less than ideal. The greatest argument against topical therapy comes from a study of men pretreated with topical verapamil who then immediately underwent surgical correction for their PD. The excised tunica albuginea tissue samples from these PD patients were examined for the presence of verapamil, which was not seen. From this the authors concluded that with topical therapy the drug was not actually absorbed into the plaque tissue [39] . However, in the largest RCT to date there was statistically significant improvement in curvature and plaque size in patients receiving topical applications of verapamil (15% twice daily) over the course of three months [40] . The effect was statistically superior to that of a placebo, and patients who continued the topical therapy after the three-month trial continued to show improvement throughout the nine months they were followed. Further studies are needed to reconcile these contradictory findings.
Iontophoresis, or transdermal electromotive drug administration, is a method theorized to provide superior tissue penetration for the transdermal application of medications. Two trials in 2000 showed very promising results, utilizing a number of different pharmacologic agents including dexamethasone, lidocaine, orgotein, and verapamil in various combinations. Significant reductions in plaque size, curvature, and pain were found over the course of short, three-week treatment regimens [41, 42] . These results were subsequently reinforced by a study of post-operative tunica albuginea tissue in patients pre-treated with iontophoresis that demonstrated a detectable level of the drug in the majority of patients [43] . In 2004, a RCT comparing verapamil and dexamethasone combination therapy to a placebo (lidocaine) demonstrated the superiority of the former, suggesting that verapamil and dexamethasone themselves had some therapeutic effect [44] .This assertion was immediately called into question by a subsequent RCT that demonstrated verapamil alone had no superiority to a placebo (saline) [45] . Most recently, an unblinded RCT of 60 patients suggested that verapamil administered with iontophoresis had better results than verapamil administered intralesionally [8] . Again, further large-scale studies are needed to validate these findings.
Other noninvasive methods
Other noninvasive methods of treating PD include ESWT and PTT. Radiation therapy is another treatment modality occasionally described in the PD literature, but its unremarkable results and high risk make it an inadvisable form of treatment at this time [46] .
Extracorporeal shock wave therapy
Two separate trials of 100 men with PD showed promising results, including statistically significant improvements in the IIEF score and quality of life in patients receiving a one-month course of weekly ESWT therapy. While in the first trial (Palmieri et al [47] , 2009), this effect was superior to the sham treatment, there was no statistically significant improvement in penile curvature or plaque size from baseline. In the second trial, ESWT therapy appeared to be augmented by a low daily dose of tadalafil, but again improvements in penile curvature and plaque size were not demonstrated [12] . A small RCT by Chitale et al [48] in 2010 showed no difference between patients receiving ESWT or sham therapy in any primary outcome measures (plaque size, curvature, IIEF).
PENILE TRACTION THERAPY
Two small trials published in 2008 by Levine et al [49] and in 2009 by Gontero et al [50] , respectively, showed only mild success with daily use of PTT over the course of six months. In the second trial, these results were not statistically significant, and found to be largely unsatisfactory to the patients involved. Penile remodeling has been found to be synergistic with collagenase treatment [10] , suggesting there may be some role for PTT in combination with other treatment modalities. Further studies are needed to define the role of PTT in treating PD.
STEM CELL THERAPY
PD is characterized by disordered wound healing that is often associated with antecedent trauma to the erect penis.
Yet not all individuals with a history of penile trauma go on to develop PD, supporting the idea that it is some interplay between trauma and genetic susceptibility that leads to the development of the disease. This idea is supported by the presence of myofibroblasts in PD lesions, which are cells that have long been implicated in the excessive collagen production that characterizes PD. These myofibroblasts originate from pluripotent stem cells in the tunica albuginea, but importantly, are not present in normal tunica albuginea tissue [51] . While therapies to date have focused on treating the consequences of the aberrant healing process caused by myofibroblasts, stem cell therapy offers the hope of altering the disease course before it even begins.
Even though stem cells are implicated in the pathogenesis of PD and offer hope for developing future treatments, barriers to implementing stem cell therapy in practice remain. An incomplete understanding of the pathophysiology of this complex disease has led to difficulty in reproducing the complexity of PD in an animal model. This lack of a universally accepted animal model for PD makes testing novel stem-cell therapies more difficult [52] . That being said, new therapies utilizing adipose tissue-derived stem cells (ADSCs) have been investigated in a rat model, and show early promise. Castiglione demonstrated in 27 male Sprague-Dawley rats that ADSC injection prevented fibrosis in the tunica albuginea during the active phase of a TGF-induced PD-like state [53] . The therapeutic action of these stem cells is thought to derive from their proangiogenic capacity that alters the cycle of vascular injury, ischemia, and fibrosis characteristic of the inflammatory phase of PD [52] . While still in its infancy, stem cell therapy offers perhaps the best hope for a definitive cure for PD.
CONCLUSION
Challenges in the treatment of PD are multifactorial. Reluctance by both patients and physicians to discuss this sensitive topic are a barrier to patients seeking treatment in the first place. Undoubtedly this contributes to the paucity of large RCTs that have been performed to date. The trials that do exist are often underpowered and utilize a plethora of different treatment modalities in a dizzying array of combinations. This multitude of treatment options for PD is a reflection of their relative ineffectiveness, and the lack of a nonsurgical 'gold standard' of treatment has made it difficult to compare the relatively few RCTs that do exist. Finally, the natural history of the disease in two distinct pathophysiologic phases (acute and chronic) further muddles the assessment of the treatment response, since treatments appropriate at one time may not be effective at another. This is compounded by a variable disease course that can progress, regress, or rarely, even resolve, without any treatment at all. Additional large-scale RCTs are needed in order to further elucidate the current best practices, and additional basic science research is needed to devise more effective treatments for this difficult condition.
